Abstract. The Oak Ridge High Flux Isotope Reactor (HFIR), which began full-power operation in 1966, provides one of the highest steady-state neutron flux levels of any research reactor in the world. An ongoing vessel integrity analysis program to assess radiation-induced embrittlement of the HFIR reactor vessel requires the calculation of neutron and gamma displacements per atom (dpa), particularly at locations near the beam tube nozzles, where radiation streaming effects are most pronounced. In this study we apply the Forward-Weighted Consistent Adjoint Driven Importance Sampling (FW-CADIS) technique in the ADVANTG code to develop variance reduction parameters for use in the MCNP radiation transport code. We initially evaluated dpa rates for dosimetry capsule locations, regions in the vicinity of the HB-2 beamline, and the vessel beltline region. We then extended the study to provide dpa rate maps using three-dimensional cylindrical mesh tallies that extend from approximately 12 in. below to approximately 12 in. above the height of the core. The mesh tally structures contain over 15,000 mesh cells, providing a detailed spatial map of neutron and photon dpa rates at all locations of interest. Relative errors in the mesh tally cells are typically less than 1%.
Background
The Oak Ridge High Flux Isotope Reactor (HFIR), which began full-power operation in 1966, provides one of the highest steady-state neutron flux levels of any research reactor in the world. While the original primary purpose of HFIR was the production of transuranic isotopes, its main mission has transitioned to neutron scattering research. HFIR provides four horizontal beam tubes (referred to as HB-1 through HB-4) for neutron scattering studies. HB-2 was substantially enlarged in 2000/2001, and a liquid hydrogen cold neutron source was installed in HB-4 in 2006/2007. An ongoing vessel integrity analysis program to assess radiation-induced embrittlement of the HFIR reactor vessel requires the calculation of neutron and gamma displacements per atom (dpa), particularly at locations near the beam tube nozzles, where radiation streaming effects are most pronounced.
EPJ Web of Conferences
Previous analyses of neutron and photon dpa rates [1, 2] for HFIR were generally performed using a combination of two-dimensional (2D) and three-dimensional (3D) discrete ordinates calculations. While that methodology was reasonable for the relatively small set of dpa locations that were analyzed for many years, it was limited by the discretization errors that affect the accuracy that can be obtained using a deterministic analysis (i.e., the approximations inherent in the use of spatial mesh, discrete ordinates, and multigroup cross sections to represent the continuous space, direction, and energy variables). A limited evaluation of neutron dpa rates at the HB-2 nozzle corner region using a Monte Carlo model was performed in [3] . The first application of a hybrid Monte Carlo/discrete ordinates methodology to a HFIR dpa rate analysis [4] applied the Consistent Adjoint Driven Importance Sampling (CADIS) methodology [5] to evaluate the dpa rates in the vicinity of HB-2, where dpa rates in the vessel are highest due to the effects of neutron streaming down the enlarged beam tube. In the CADIS method, which was developed to accelerate the statistical convergence of a single Monte Carlo tally, an adjoint deterministic calculation is used to generate particle importances in space and energy. Monte Carlo target weights and a consistently biased Monte Carlo source are then constructed from the importance values. The adjoint source spectrum for the deterministic calculation is based on the response function of interest for the final Monte Carlo simulation.
The FW-CADIS method [6] is used when more extensive Monte Carlo tally results, including mesh tallies, are required. In the FW-CADIS approach, a deterministic forward calculation is first used to generate an estimate of the flux or response of interest throughout the model phase space. An adjoint source corresponding to the Monte Carlo tallies of interest is then constructed based on the deterministic forward solution, with the adjoint source magnitude in each cell being the inverse of the response, and the weight window target values and biased source are determined in the same way as in the CADIS method. Details of the FW-CADIS method can be found in the references. In this study we apply the FW-CADIS technique in the ADVANTG code [7] to develop weight windows and consistently biased sources for use in the MCNP radiation transport code [8] . We then use MCNP to calculate neutron and photon dpa rates in the "standard" dosimetry locations and subsequently for an axial section of the entire reactor vessel using a detailed cylindrical mesh tally.
MCNP and ADVANTG Calculations
The MCNP model we used for the HFIR dpa analyses has been developed over several years for a range of applications, most of which are focused on the core and reflector regions. For dpa calculations we added details for the nozzles (where the beamlines penetrate the reactor vessel) and for Charpy V-notch (CVN) surveillance capsules and neutron and photon dosimeters. The CVN capsules are located in "keys" in the vicinity of each beamline, and in the "carousel" around HB-2. There are also five tubular dosimeters near HB-2. A cross-sectional view of the model at the core axial midplane (z = 0) is shown in Fig. 1 .
Because the ADVANTG sequence generates an MCNP source definition that is biased in space and energy, we ran MCNP in fixed-source (rather than eigenvalue) mode for our dpa calculations. We first generated a spatially dependent fixed source from an eigenvalue calculation by accumulating fission neutron production sites in a cylindrical mesh tally which consists of 19 axial zones and 17 radial zones (8 for the inner fuel and 9 for the outer fuel). These axial and radial zones are consistent with the fuel composition modeling that is employed in the model. Our eigenvalue calculation included 8000 active cycles with 100,000 histories per cycle. This resulted in relative errors of less than 0.1% for the fission neutron production rate in almost all of the 323 fuel zones. We then converted the mesh tally data into an equivalent MCNP spatial distribution for the fixed-source definition. We applied the Watt spectrum for thermal neutron fission in U-235 for the energy distribution of the fission neutrons. We note that this approach ignores the effect of different energy spectra for fission from other isotopes, but it is appropriate for this highly enriched uranium (HEU) core and is superior to collecting an energy-dependent tally of th ISRD the fission neutron production. For deep-penetration shielding applications such as this, the high-energy portion of the fission neutron spectrum can have a significant impact on the response of interest, and it is difficult to obtain a well-converged high-energy source term from a tallying approach such as this.
Using the FW-CADIS methodology described in the previous section, we generated weight windows and a consistently biased source using the following parameters: a spatial mesh of 122×122×83, the SCALE 27n19g coupled multigroup cross-section library [9] , and a quadruple range (QR) quadrature set [10] with 12 polar angles and a triangular arrangement of azimuthal angles. We applied the response weighting option in ADVANTG, where the response of interest for each Monte Carlo tally is based on folding the neutron and photon fluxes with dpa cross sections. For neutron dpa rates we applied the ASTM Standard E693-12 [11] . For gamma dpa rates we used iron displacement cross sections 03003-p. 3 from [12] . This combination of spatial mesh and energy groups produces weight window files that are approximately 667 MB in size. We also generated weight windows using the BUGLE library [13] , which has 47 neutron groups and 20 gamma groups. This results in weight window files that are approximately 50% larger than those using the SCALE 27/19 library. There was no significant difference in the MCNP results when we used BUGLE. We chose to use the 27/19 library because of the smaller weight window size, as we have occasionally observed difficulties when using large weight window files with parallel MCNP calculations. A very recent addition to the ADVANTG code provides the ability to collapse an importance map by a specified fraction, which allows the user to apply more detailed cross-section libraries and spatial meshes for the forward and adjoint deterministic calculations, and results in smaller weight window files. We have not yet applied that option to the HFIR vessel damage analysis.
EPJ Web of Conferences
Figures 2 and 3 illustrate the adjoint fluxes at the core midplane elevation for neutron group 3 (1.827-3.012 MeV) for two cases. In Fig. 2 the adjoint source is based on MCNP tallies in the vicinity of the HB-2 nozzle and in the dosimetry capsule carousel that is located around the beamline. In Fig. 3 the adjoint source is based on the dosimetry capsules located in the vicinity of each beamline nozzle and in the keys near HB-1 and HB-4. The neutron target weights for this energy range are proportional to the inverse of the adjoint fluxes. The differences in the adjoint fluxes for these two cases illustrate the significant range of target weights. Clearly, generating useful target weights with this level of detail would be extremely challenging without the use of FW-CADIS.
After generating the weight windows and biased sources with ADVANTG, we ran MCNP to estimate the dpa rates at the locations of interest. We used MCNP 5.160 on a 512-core Linux cluster. For our first set of calculations (dpa rates at the keys, dosimetry locations, and corner/annulus/weld locations) we ran 4×10 9 histories. MCNP run times were about 2500 CPU-hours. Tally relative errors at the locations of interest were all less than 2% at the one-sigma level, and most were less than 1%. We calculated dpa rates for beginning-of-cycle (BOC) and end-of-cycle (EOC) conditions.
The more accurate geometry modeling provided by the MCNP analysis also allowed us to evaluate a number of effects that could not be readily determined from the earlier combination of 2D and 3D deterministic analyses. For instance, our calculations of the dpa rates in the dosimetry capsules located in the two carousel rings around HB-2 indicated that there is a lateral asymmetry, with the dpa rates being slightly higher in the -Y direction (as shown in Fig. 1 ) than the +Y direction at a given elevation. th ISRD Using a few ADVANTG/MCNP calculations, we were readily able to confirm that this effect was a result of variations in material compositions in target regions in the beryllium reflector around the inner end of the HB-2 beamline. We also ran a series of calculations in which we assessed potential shifts in the location of the carousel around HB-2. It would not be feasible to obtain the geometric detail necessary for that evaluation using a discrete ordinates analysis, and it would be difficult to obtain Monte Carlo results that are converged well enough to assess the effect of a minor carousel displacement without the use of FW-CADIS.
After demonstrating the effectiveness of ADVANTG in developing variance reduction parameters for all of the beamline dosimetry locations, we applied a cylindrical mesh tally to calculate the dpa rates averaged over the first 1/8 in. of the reactor vessel base metal. We divided this annular region into axial zones of 1-in. height over the interval from −21.5 in. to 21.5 in. and into 360 uniform azimuthal bins, for a total of 15,480 mesh cells. Note that some of those tally cells occur in regions around the nozzles that are not part of the reactor vessel itself (e.g., the beamline walls and the water regions between the beamlines and the nozzles). Figure 4 illustrates the EOC neutron and photon dpa rates around the circumference of the reactor vessel at the core midplane elevation, including the pronounced peaking of the neutron dpa level around the HB-2 beamline. We have shaded the "non-vessel" tally data to indicate those regions in which the calculated dpa rates do not actually represent the dpa rate in the inner layer of the reactor vessel base metal. Figure 5 illustrates the calculated EOC neutron dpa rates over a portion of the reactor vessel that includes the penetrations for HB-1, HB-2, and HB-3. Figures 6 and 7 show the neutron dpa rates and their relative errors for the quadrant of the reactor vessel that extends from the centerline of HB-2 (the negative X-axis in Fig. 1 ) to the location of the negative Y-axis in Fig. 1 . The cross-hatched regions of those plots indicate locations where the mesh tally result is in one of the beamlines or in the water between the beamline and the reactor vessel. Note that the relative errors are less than 1% in most locations, including around the perimeter of the HB-2 beamline, where the highest dpa rates occur.
We also used a segmented surface tally to compute the dpa rates around the vessel perimeter at several elevations to compare to the mesh tally results. The axial extents of these segmented surface tallies were 1 in., consistent with the mesh tally cells. The purpose of the surface tallies was to compare 03003-p.5 the dpa rates at the clad/base metal interface (the location of the surface tally) with the dpa rates from the mesh tally, which, as noted above, represent an average value over the first 1/8 in. of the base metal. For neutron dpa rates there is essentially no difference between the surface tally and mesh tally results. For photon dpa rates the mesh tally results are reduced by about 5% relative to the corresponding surface tally values. These differences are consistent with the attenuation expected based on the neutron and photon cross-section data for iron.
Summary and Conclusions
We have applied the ADVANTG code, which uses the CADIS and FW-CADIS hybrid transport methods to generate variance reduction parameters for MCNP models, to the calculation of dpa rates for HFIR. Our initial evaluation focused on a set of specific model locations that correspond to the positions of surveillance capsules and dosimeters in the vicinity of the four beamlines. Based on the successful application of ADVANTG for those evaluations, we extended our analysis to calculate the dpa rates using a detailed cylindrical mesh tally that includes over 15,000 mesh cells covering the entire perimeter of the reactor vessel over an axial range that extends beyond the top and bottom of the core. Using ADVANTG we were able to create a well-converged detailed map of the neutron and photon dpa rates in the reactor vessel.
We are currently applying the FW-CADIS method to improve isotopic production evaluations for target locations in the HFIR flux trap and reflector regions. While these are not regions of deep penetration shielding (like the reactor vessel), they represent a challenging problem due to the need to obtain accurate predictions of isotopic generation rates for a wide range of nuclides. Without an effective set of weight windows and a consistently biased source, it is difficult to obtain well-converged Monte Carlo neutron fluxes at the high energies that drive some threshold reactions. We are also applying FW-CADIS to an evaluation of dpa rates for a low-enriched uranium (LEU) core design and will be assessing the impact of an LEU core on neutron flux levels in the beamlines.
